Toward full exploitation of coherent and incoherent information in Sentinel-1 TOPS data for retrieving surface displacement: Application to the 2016 Kumamoto (Japan) earthquake
Introduction
The launches of European Space Agency's (ESA's) Sentinel-1A on 3 April 2014 and Sentinel-1B on 16 April 2016 started a new era of operational interferometric synthetic aperture radar (InSAR) observations on a continental scale with down to 6 day repeat times. The large data coverage and ESA's open-data policy make Sentinel-1A/B an important data source to study surface displacements resulting from tectonic and volcanic activities, such as the 2014-2015 Fogo volcano eruption [González et al., 2015] , the 2015 Gorkha (Nepal) earthquake [Avouac et al., 2015; Elliott et al., 2016] , the 2015 Illapel (Chile) earthquake [Grandin et al., 2016] , the 2015 Wolf (Galápagos) eruption [W. , and more recent events. The general availability of recent pre-event acquisitions in active plate boundary zones and short repeat cycle of Sentinel-1 benefit from the 250 km wide ground track of the SAR images. However, such advantages are at the expense of resolution loss in the azimuth direction (satellite flying direction) due to the Terrain Observation by Progressive Scan (TOPS) technique, which decreases the illuminating time of ground targets during the data acquisition [De Zan and Guarnieri, 2006] . Consequently, the image resolution in azimuth has been reduced from about 5 m of previous ESA missions such as ERS and Envisat, to about 20 m for Sentinel-1 TOPS data, despite that the ground range resolution is improved from~20 m to~5 m for compensation. Another drawback of using Sentinel-1 data is the relatively short wavelength of the C-band, which often causes phase aliasing and absence of measurement in strongly deformed areas near earthquake ruptures and volcanoes. Meanwhile, recent studies have pointed to the importance of near-field constraints in coseismic slip model inversions, as such data provide crucial information on the complex geometry and slip of ruptures in the upper few km of the crust [e.g., Milliner et al., 2016; Vallage et al., 2015; X. Xu et al., 2016] .
SAR images contain coherent (interferometric phases) and incoherent (amplitude features) information. From the coherent information, standard InSAR can provide the most accurate displacement measurement in the line-of-sight (LOS) direction, if the corresponding interferogram can be correctly unwrapped. between two images in both azimuth and range directions [Scheiber and Moreira, 2000] . This technique has been widely used for improving SAR image coregistration and has been used for estimating surface displacements in the azimuth direction, also referred to as Multiple-Aperture Interferometry (MAI) [e.g., Bechor and Zebker, 2006; Jung et al., 2009] . Although the reduced resolution of TOPS data seriously degrades the feasibility of MAI [Jung et al., 2013] , the burst-and swath-overlap area can be used to retrieve motions along the azimuth direction with remarkable accuracy, thanks to the large (maximum 1°) squint angle differences between adjacent bursts and swaths [e.g., Grandin et al., 2016; Fattahi et al., 2016] . In contrast to the widely applied MAI technique, split-bandwidth interferometry in range has not previously been used for retrieving surface displacements because it measures the displacement in the same direction as standard InSAR, yet with much less accuracy.
Although standard InSAR is generally the first choice to retrieve the ground displacement, phase is recorded modulo 2π and therefore must be unwrapped to provide meaningful measurements. For smooth displacement fields, most algorithms can successfully unwrap interferograms under the assumption that the absolute values of the true phase differences between adjacent pixels are less than half a cycle. However, the half-cycle assumption can be violated in areas where high-gradient displacements occur, such as near large/shallow earthquake ruptures, where split-bandwidth interferometry in range can be applied to provide LOS displacement measurement instead of InSAR. However, phase unwrapping can also be problematic for the split-bandwidth interferometry where ruptures reach the surface and cause multimeter displacement discontinuities. For such cases, it is difficult to correctly estimate the number of cycles across phase discontinuities only from wrapped phases. As ground displacements can also be estimated from cross-correlating amplitude subimages, i.e., by exploiting the incoherent information in SAR images [e.g., , we can use this information to help unwrap standard and split-bandwidth interferograms. While pixel offsets estimated from amplitude images are less precise than the InSAR and split-bandwidth interferometry observations [De Zan, 2014] , they can provide unambiguous ground displacements very close to the area with largest strain, where interferometric phases cannot be resolved.
Here we report on fully exploiting coherent and incoherent information in the Sentinel-1 TOPS SAR images to measure the coseismic displacements of the recent 2016 Kumamoto (Japan) earthquake sequence by using standard InSAR, split-bandwidth interferometry, burst/swath-overlap interferometry, and amplitude cross correlation. InSAR provides the most accurate results in the far field but is completely decorrelated near the surface rupture. For the first time, the split-bandwidth interferometry in range is applied to reveal the near-field LOS displacement. The unwrapping of the split-bandwidth interferogram is facilitated by pixel offsets derived from amplitude cross correlation. We also map the displacement in the azimuth direction along the 1.5 km wide burst-overlap and the 2.5 km wide swath-overlap areas. Adding near-field and azimuth constraints increases the resolution of the slip distribution, particularly in the shallow part of the crust, implying that it is essential to take advantage of all the coherent and incoherent information in the Sentinel-1 TOPS data for studying geodynamic processes that produce large displacements.
Fully Exploit Coherent and Incoherent Information From Sentinel-1 TOPS Data

Terrain Observation by Progressive Scan (TOPS) Imaging Technique
To fulfill the requirements of large coverage and short repeat cycle, the TOPS technique is utilized for Sentinel-1's main operational imaging mode-the interferometric wide swath mode (IW) (Figure 1a ) [Torres et al., 2012] . In the IW mode, SAR acquires three adjacent subswaths, covering a 250 km wide ground range by periodically switching the antenna beam in elevation ( Figure 1a ). Each subswath is imaged in consecutive bursts that span an area that is~85 km wide and~20 km long. The~1.5 km overlap in the azimuth direction between consecutive bursts ensures that all the subswaths are imaged without any gap. The IW mode illuminates the ground in a similar way as the ScanSAR imaging mode, but the latter acquires the burst image with a fixed squint angle and observes ground targets from different portions of the antenna beam in azimuth. Therefore, the antenna gain for each target varies along azimuth, causing a quality degradation of ScanSAR data, such as a periodic modulation of image amplitude (scalloping), and an azimuth-varying resolution and signal-to-noise ratio (SNR). TOPS overcomes this drawback by rotating the antenna beam from backward to forward during the burst acquisition ( Figure 1a) . Consequently, the sensor observes all ground targets with the complete azimuth antenna pattern, dramatically reducing the variation of image quality
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along the azimuth direction. Thanks to the electronic scanning capability of modern spaceborne SAR and recent progress in orbitography, TOPS that operates in nearly perfect scan synchronization, i.e., with sufficient azimuth spectral overlap for interferometry, can be implemented without a complete redesign of existing SAR systems, making it a superior, and probably the only choice until the onboard implementation of advanced multichannel SAR systems that can acquire high-resolution wide-swath SAR images [e.g., Krieger et al., 2010] .
In comparison with its predecessors, Sentinel-1 achieves an approximately threefold improvement in slantrange resolution (from~10 m of ERS/Envisat to~3 m) because of the notable increase of range bandwidth from 16 MHz to 49 MHz. Meanwhile, because the illuminated area is almost 3 times wider, the minimum repeat cycle of Sentinel-1A has also been reduced from 35 days of ERS/Envisat to 12 days, and it has been shortened to 6 days since the launch of the twin satellite Sentinel-1B. The higher resolution in range and the shorter repeat cycle can better preserve the phase coherence and speckle pattern between two 
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acquisitions, providing high SNR for both interferometry and offset tracking. However, the Sentinel-1 mission's large coverage is achieved at the expense of reduced azimuth bandwidth, and consequently lower azimuth resolution, preventing the retrieval of small displacements in the azimuth direction.
Split-Bandwidth Interferometry for TOPS Data
It is difficult for standard InSAR to acquire reliable measurements in the near field if the displacement gradients are large. For such cases, we can estimate ground displacements from the phase difference between interferograms of different spectral looks, i.e., split-bandwidth interferometry [e.g., Scheiber and Moreira, 2000; Bamler and Eineder, 2005; Bechor and Zebker, 2006; Barbot et al., 2008; Jung et al., 2009 ]. This method is based on the fact that phase differences between interferograms formed by using lower and upper portions of imaging spectrum reflect pixel shifts between two SAR images. As the impulse response of a SAR system has a phase ramp depending on the signal's center frequency f c (Figure 1b) , given a pixel offset Δt in seconds, the phase ramp will lead to an additional phase term 2πf c Δt in standard InSAR, added to the phase containing topography, atmospheric delay, and displacement. We can extract the pixel shift by performing a phase differential operation between two interferograms from the same image pair with different azimuth or range center frequencies but identical interferometric phases. After that, we can convert the pixel shift Δt to displacement by multiplying with the image sampling frequency and pixel spacing.
Thanks to the large bandwidth in modern SAR systems, we can split a pair of SAR images m and s into four low-resolution sublook images m l , m u , s l , and s u by filtering out the lower and upper bands in the frequency domain ( Figure 1b) . Then, two interferograms are formed by combining the sublook images with common spectra. The phase difference ϕ split of the two interferograms can be derived from m u Ás
the asterisk indicates conjugate multiplication. Finally, we can retrieve the pixel shift Δt in units of time from the phase differences between the two sublook interferograms because the phase differences correspond to 2πΔf c Δt, given the spectral separation Δf c of the sublook images [Scheiber and Moreira, 2000] :
Note that in range split-bandwidth interferometry, the phase difference ϕ split contains a component corresponding to the pixel shift produced by topography and InSAR baseline. This component should be removed by using orbit ephemerides and an external digital elevation model (DEM) during the DEM-assisted coregistration [e.g., Sansosti et al., 2006; Wang et al., 2014] . In the azimuth component, little topographic information remains in ϕ split because the azimuth offsets are insensitive to the cross-track baseline. Note that the ionospheric delay can also introduce ionospheric phase screen in the circumstances of significantly variation of ionospheric conditions between acquisitions [e.g., Gomba et al., 2017] . Although ionospheric effects are relatively small at C band, split-bandwidth interferograms must be carefully examined before converting to displacement.
For TOPS data, a larger spectral separation of range sublooks can be achieved compared to previous ESA satellites, dramatically improving the sensitivity and accuracy of range split-bandwidth interferometry. However, to the best knowledge of the authors, range split-bandwidth interferometry has not been applied in previous earthquake studies by using Sentinel-1 TOPS data. In the azimuth direction, due to the reduced bandwidth, the accuracy of azimuth split-bandwidth interferometry is decreased for TOPS data. However, we can map along-track displacement with a much higher accuracy in the burst-overlap area than within each burst. This is because the sensor observes ground targets in the burst-overlap area twice from different squint angles (i.e., different Doppler centroid frequencies) due to the azimuth steering of the antenna beam ( Figure 1c) . We can directly obtain the phase difference ϕ split of pixels in each burst overlap from m i Ás
Since the difference in Doppler centroid frequency (~4300 Hz) is much larger than the spectral separation available from the processed azimuth bandwidth (~310 Hz), the azimuth split-bandwidth interferometry is much more sensitive to the along-track displacement in the burst overlap area. Similarly, there is also useful information in the swath-overlap areas, where the difference in Doppler centroid frequency is one third of that in the burst-overlap area. According to equation (1), the corresponding sensitivities to ground displacements for one cycle of ϕ split are~4.6 m,~32 m,~1.6 m, and~5 m, for range, azimuth,
Geophysical Research Letters
10.1002/2016GL072253
split-bandwidth, burst-overlap and swath-overlap interferometry, respectively. As for measuring along-track displacements, the burst-and swath-overlap interferometries are~20 times and~6 times more sensitive than MAI, but measurements are only available along burst and swath overlapping areas [e.g., Grandin et al., 2016] .
Although the coherent cross correlation is the maximum likelihood estimator for the pixel offset between distributed Gaussian targets, the requirement of removing interferometric phase complicates its implementation. Therefore, split-bandwidth interferometry is often used in practice with accuracy determined by the interferometric coherence γ and the spectral separation Δf c . In theory, the standard deviations in displacement estimation from the split-bandwidth interferometry are given by [Bamler and Eineder, 2005] :
where Δf c = B À b, B is the processed bandwidth of a single target, b is the sublook bandwidth which is often selected to be a third of the bandwidth [De Zan, 2011; Bamler and Eineder, 2005] , N is the number of independent samples averaged, Δt s is the image sampling in seconds, and p spa is the pixel spacing. For the burst overlap area, B = b and Δf c = Δf DC , which is the Doppler centroid frequency difference between adjacent bursts. For Sentinel-1 TOPS data, B is 49 MHz in range and 310 Hz in azimuth and Δf DC is 4300 Hz. If we assume γ = 0.4, then N = 900 (300 × 300 m posting) and b = B/3, σ is~0.1 m in range direction and is~0.7 m in azimuth direction for split-bandwidth interferometry, and σ is~0.02 m in the burst-overlap area and~0.06 m in the swath-overlap area. Due to the reduced sensitivity to displacement gradient, split-bandwidth interferometry also allows for more multilooking than is possible with standard interferometric phase in highly deformed areas, further improving the accuracy in low coherence areas.
Amplitude Cross-Correlation for Displacement Discontinuity
Each interferometric fringe of Sentinel-1 TOPS data represents only about 28 mm displacement difference, often causing phase aliasing in the near field where the displacement gradient is large. Phase unwrapping errors are likely and consequently can bias the geophysical model inversion. This is even the case for split-bandwidth interferometry when the rupture reaches the surface, producing a multimeter displacement discontinuity. We need auxiliary information such as field observations to determine the exact trace of the rupture to avoid the unwrapping path going through the discontinuity. Such field observations are often hard to obtain and rarely dense enough to determine the complete trace. On the other hand, large displacements can be measured from the shift of small image patches distributed in the SAR images spanning the event, by searching for the peaks of an oversampled correlation surface calculated between them [Michel et al., 1999; . This technique can estimate ground deformation in both range and azimuth directions with the precision of a small fraction (~5%) of the size of resolution cell.
Pixel offsets from amplitude cross correlation allow for determining the displacement discontinuities regardless of the phase coherence because the offsets are estimated from amplitude features [e.g., . Then the determined rupture trace can be used to assist the phase unwrapping of the interferograms. Thus, we can fully utilize the coherent and incoherent information in Sentinel-1 TOPS data for retrieving the 2-D ground displacement field, from the far field to the near field by using standard interferometry, split-bandwidth interferometry, burst/swath-overlap interferometry, and amplitude cross correlation. Thanks to Sentinel-1A/B's dense footprints along plate boundaries, images from ascending and descending tracks are often available, allowing for resolving 3-D motions when the NS motion can be interpolated from the azimuth displacements measured in burst-overlap areas [e.g., Grandin et al., 2016] , or they can be measured from SAR images acquired by other satellites or from cross-correlating optical images, e.g., Sentinel-2 data.
3. Application to the 2016 Kumamoto Earthquake strong foreshocks on 14 and 15 April, respectively, and the main shock occurred on 16 April near the two foreshocks (Figure 2 ). The sequence ruptured the Hinagu and Futagawa faults, which represent the main active intraplate fault zone on Kyushu Island of Japan [Lin et al., 2016] . These faults make up the westernmost section of the Median Tectonic Line that accommodates right-lateral motion within the island arc of the Nankai subduction zone. Previous InSAR studies of the event using ALOS-2 interferometry show that, in addition to the primary surface rupture, a multitude of smaller faults experienced small offsets across the wider epicentral region [Fujiwara et al., 2016] .
Two Sentinel-1A tracks (ascending tracks AT156 and descending track DT163) covering the entire epicentral area were processed by using our TOPS data processing package (see the supporting information for details). Both preseismic images were acquired on 8 April and both postseismic images were acquired on 20 April; the time period of the interferograms includes the four M > 5.5 foreshocks and 4 days of postseismic motion. Due Figure 2g are field observations of surface rupture [Shirahama et al., 2016] . The color scales plotted at the bottom right of Figures 2e-2h are for the derived displacements of the unwrapped interferograms and range offsets. The line-of-sight (LOS) displacement measured by using InSAR, split-bandwidth interferometry, and amplitude cross correlation is compared along the (i) profile AA 0 . The along-track displacement measured by using split-bandwidth interferometry in azimuth and burst-overlap interferometry is compared along the (j) profile BB 0 .
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to the fault orientation, SAR acquisition geometry, and coherence levels, the results from the ascending track exhibit clearer signal along the rupture, which are shown here (Figure 2 ).
The improvement of using range split-bandwidth interferometry, instead of standard InSAR, is clearly visible in the near field along the rupture (Figures 2a and 2b) . The observed sharp phase discontinuity obtained from split-bandwidth and burst-overlap interferograms consistently follows the mapped fault in this region (Figures 2b and 2d) . By using the range split-bandwidth interferometry, we are able to extend high-quality displacement measurements from the far field to the rupture trace, while the unwrapped standard InSAR interferogram may underestimate the surface displacement due to phase aliasing and decorrelation. Such underestimation of displacement due to incorrect phase unwrapping and/or lack of constrain in the near field have also been noted in a recent study about the apparent shallow slip deficit of many large strike-slip earthquakes [X. . Nevertheless, there are still some segments along the rupture with a displacement difference larger than 2.3 m, half of the phase-to-displacement ratio of split-bandwidth interferometry in range. Here we have to prevent unwrapping across the displacement discontinuity by setting a cut line derived from the amplitude offsets, consistent with field observations of the primary surface rupture [Shirahama et al., 2016] . By doing this, we can correctly unwrap the split-bandwidth interferogram without crossing the rupture and obtain the displacements in the LOS direction.
The standard deviations of displacements estimated from the coherent information (four interferograms ,  Figures 2a-2d ; we exclude the swath-overlap interferogram as it is too far from the ruptures) and incoherent information (range offsets, Figure 2g ) are calculated within a burst-overlap area about 40 km away from the epicenter (black rectangle in Figure 2d ). These error estimates are 3.9 mm for InSAR, 176.1 mm and 42.9 mm for azimuth and range split-bandwidth interferometry, 25.1 mm for the burst-overlap interferometry, and 213.8 mm for the range offsets. The values from the split-bandwidth interferometry are smaller than the theoretical calculation provided above because of higher coherence in the urban area. Moreover, all split-bandwidth interferograms are Goldstein filtered [Goldstein and Werner, 1998 ], while the burst-overlap interferogram and range offsets are not filtered, resulting in higher standard deviations. The large value from range offsets is also partly due to the remaining outliers and partly due to relatively less samples used for the accuracy evaluation.
The Slip Distribution From Sentinel-1 TOPS Data
To highlight the improved observation in the near field, we use a first-order model to explore the slip distribution of the Kumamoto earthquake with a focus resolving the shallow slip (see Text S1 and Figure S1 in the supporting information for data downsampling and slip inversion methods). We neglect slip on secondary [Shirahama et al., 2016] .
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fault strands and vertical and lateral variations in elastic material properties and only use the two tracks of Sentinel-1 data, not the extensive additional constraints from other SAR satellites, field observations, GPS, and seismic data [e.g., Asano and Iwata, 2016; Fujiwara et al., 2016; Kubo et al., 2016; Lin et al., 2016; Shirahama et al., 2016; Yoshida et al., 2016] .
Two slip models were calculated with (Model 1) and without (Model 2) using the near-field data in the inversion. Both models show that the dominant mechanism is right-lateral strike slip with a component of normal faulting, with a dip angle of 73°to the northwest (Figure 3) , consistent with main shock and foreshock focal mechanisms, the distribution of aftershocks, and field measurements [Asano and Iwata, 2016; Lin et al., 2016; Uchide et al., 2016] . Two models also show similar slip distribution along the main rupture except for both the strike and dip slip in the shallow middle part of the fault plane, where Model 1 has much larger slip than Model 2 near the surface (Figure 3) . The larger shallow slip of Model 1 is independently supported by the field observations of Shirahama et al. [2016] , showing that most of the observable surface rupture occurred at locations only Model 1 has or Model 1 has larger slips than Model 2 (Figure 3c ). Our models predict maximum values of 4.5 m of right-lateral slip and 2.5 m of normal slip at depth, suggesting that the slip is concentrated in the upper crust, with maximum values at 10 km depth. We find that the normal component of slip is mostly limited to the upper 10 km and has a more concentrated distribution along a releasing bend of the HinaguFutagawa fault zone, in comparison with the extent of the right-lateral slip. The geodetic moments of Models 1 and 2 are very close to each other, corresponding to an M w 7.02 earthquake. Note that the displacement we captured includes also four M > 5 preshocks and 4 days of postseismic motion, which explains the obtained higher magnitude.
Discussion and Conclusions
Since the Sentinel-1 TOPS data have been introduced to the geophysical community, arguments about the burst-based acquisition mode, reduced azimuth resolution, and additional processing steps have been widespread. Nevertheless, the benefit of using this acquisition mode has been demonstrated by the fact that surface displacements resulting from almost all recent tectonic and volcanic events have been well captured by Sentinel-1A/B TOPS images. This would not have been possible if the traditional strip-map acquisition mode with its more limited acquisition schedule was used. However, near the rupture surface, decorrelation of standard InSAR and the low SNR of amplitude offsets limit the resolution of imaging the shallow slip in geophysical models. Our study shows that, when the loss of coherence is mainly due to the large displacement, split-bandwidth interferometry can be implemented to retrieve near-field deformation in the range direction instead of standard InSAR, thanks to the improved range bandwidth of TOPS data. We still take advantage of estimating the pixel offsets from amplitude features along the displacement discontinuity where neither InSAR nor split-bandwidth interferometry can provide reliable estimation of the displacement across the fault if it is large.
The 2016 Kumamoto earthquake sequence ruptured the shallow crust up to the surface near a highly populated urban region. This event is an ideal case for implementing the split-bandwidth interferometry to fill the missing part from standard InSAR in the near field. The retrieved displacements near the rupture are important to improve the slip resolution of the shallow parts of the fault plane. Interestingly, clear north-south displacement can be identified from burst-overlap interferometry not only along the known Futagawa fault but also extending further north (Figure 2d ), implying complex fault structure beneath Kyushu island.
The proposed methods and application are the first attempt of overcoming the decorrelation and unwrapping limitations of Sentinel-1 TOPS data by applying split-bandwidth interferometry in range. Pixel offsets identify the rupture trace and facilitate unwrapping, extending the measurements up to the ground ruptures. The burst-overlap interferometry can partially make up for the limited azimuth-offset resolution by acquiring accurate displacement measurements along the 1.5 km wide bands spaced 20 km apart, providing additional constraints for the slip distribution. Note that the proposed methods (except for the burst/swath-overlap interferometry) are applicable for images acquired from all SAR missions, allowing for overcoming the azimuth limitation of Sentinel-1 data. However, Sentinel-1 TOPS data are still often the first choice once an earthquake occurs because of their frequent and comprehensive acquisitions and open data policy. The application to the recent Kumamoto earthquake sequence demonstrates the capability of the proposed methods for extending the interferometric measurements to the rupture trace. The derived slip
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distribution model exhibits higher resolution in the shallow part, as shown in the differences between the two models (Figure 3) , benefitting from the additional constraints in the near field. We should therefore take advantage of all the coherent and incoherent information in Sentinel-1 TOPS data for retrieving both nearand far-field surface displacements produced from many geodynamic processes.
